Translation of the two genomic RNAs of a British strain (SP5) of pea early browning virus (PEBV-B) in rabbit reticulocyte lysates produced three principal polypeptides of Mr 165 × 103 (165K), 134K and 23K. The two largest polypeptides were produced by RNA-1 alone, and evidence is presented which suggests that the 165K polypeptide arises from the 134K product by a readthrough event. RNA-2 directed the translation of the 23K polypeptide, which was immunoprecipitated by anti-PEBV-B serum.
INTRODUCTION
The type strain (SP5) of British pea early browning virus (PEBV-B; Harrison, 1966 ) is a tobravirus, serologically related to other PEBV isolates (Harrison & Robinson, 1978) , but distinct from tobacco rattle virus (TRV, serotypes I-II) and pepper ringspot virus (PRV ; formerly CAM strain ofTRV, serotype III) (Harrison & Robinson, 1978; Robinson & Harrison, 1985a) . The genome consists of two RNA species, RNA-1 and -2, with apparent molecular weights in non-denaturing polyacrylamide gels of 2.5 × 106 and 1.3 x 106 (Cooper & Mayo, 1972) , corresponding to approx. 7300 and 3800 nucleotides in length respectively. RNA-1 alone can infect plants systemically, indicating that replication and cell-to-cell transport functions must be encoded by this RNA species.
In vitro translation of RNA-1 of all tobraviruses tested to date (TRV strains Lisse, PRN and SYM, and P RV) produces two polypeptides of approximately 170 000 Mr (170K) and 140K, the larger being considered a readthrough product of the smaller (Fritsch et al., 1977 ; Pelham, 1979; Robinson et al., 1983) . Both appear to be initiated at the same AUG, close to the 5' terminus. In addition, there is evidence to suggest that information towards the 3' terminus ofTRV RNA-1 is expressed by subgenomic RNAs, which encode a polypeptide of 30K, and in some isolates another polypeptide of 16K (Boccara et al., 1986; Cornelissen et al., 1986) . The larger subgenomic RNA from TRV-SYM RNA-1 is approximately 1550 nucleotides long, and is encapsidated (Robinson et al., 1983) ; there is no evidence, however, for encapsidation of the corresponding RNA of TRV-PRN.
The coat protein cistron of tobraviruses is located on RNA-2 (Harrison & Robinson, 1978) . RNA-2 of PRV or the Lisse strain of TRV seemed to be translated efficiently in vitro to produce coat protein, suggesting that the coat protein cistron of these strains is located towards the 5" terminus (Mayo et al., 1976; Pelham, 1979) . However, coat protein does not appear to be translated to a significant extent from RNA-2 of TRV-SYM. This strain and possibly also PRN are considered to produce coat protein from a subgenomic RNA which, in the case of TRV-SYM, is approximately 1750 nucleotides in length and is encapsidated (Robinson et al., 1983) . It may be that translation of coat protein from a subgenomic RNA of RNA-2 is a strategy more commonly employed than was first thought. No other translation products have been unequivocally assigned to RNA-2, although Bisaro & Siegel (1982) have reported the presence of a subgenomic RNA derived from RNA-2 which codes for a 30K polypeptide in tissue infected with PRV. However, more recent sequence data on PRV RNA-2 suggest that the coat protein cistron represents the only open reading frame. It is 223 codons in length and encodes a protein of Mr 23654 (Bergh et al., 1985) .
Broad bean yellow band virus (BBYBV) has genomic RNAs of Mr 2"48 × 106 (RNA-1) and 1"06 × 106 (RNA-2) (Russo et al., 1984) which can form pseudorecombinants with PEBV RNA (Robinson & Harrison, 1985b) , which suggests that the two viruses are closely related. BBYBV RNA-2 encodes a coat protein of approx. 21-3K (Russo et al., 1984) .
The experiments described here on the translation of RNAs from the SP5 strain of PEBV-B in reticulocyte lysates permit comparisons to be drawn between the proposed translation strategy of this virus and other tobraviruses, and complement investigations in progress on the nucleotide sequences of PEBV RNAs and the virus-coded polypeptides produced in vivo. In view of the fact that RNA-1 can replicate independently and spread systemically (e.g. Hughes, 1985) , we were particularly interested in identifying the polypeptides encoded by this component of the viral genome.
METHODS
Virus. The SP5 strain of British PEBV, a gift from Dr M. A. Mayo (Scottish Crop Research Institute, Invergowrie, U.K.) was propagated in Nicotiana clevelandii and purified as described by Harrison (1966) .
Preparation of viral RNA. Suspensions of PEBV were adjusted to 0.1 ~ (w/v) SDS and heated at 65 °C for 2 min. An equal volume of phenol, saturated with 10 mM-Tris-HC1 pH 7.5, and containing 1.5 ~ (v/v) m-cresol and 0.1 (w/v) 8-hydroxyquinoline was then added and the mixture was shaken for 10 min at room temperature. The phases were separated by centrifugation (10000 g, 10 min) and the aqueous phase was extracted twice with the phenol mixture. Phenol was removed with buffer-saturated ether, the aqueous phase was adjusted to 0.3 M-sodium acetate, and the RNA was precipitated by the addition of 2 vol. ethanol and storage at -20 °C overnight. The precipitated RNA was collected by centrifugation (10000 g, 10 min), washed with cold ethanol, dried in vacuo and resuspended in distilled water at a concentration of 2 mg/ml.
Alternatively, PEBV particles were disrupted by making suspensions 1 ~ (w/v) in SDS and heating for 2 min at 65 °C. Virion RNAs were then separated directly by centrifugation through a 10 to 50~ (w/v) sucrose density gradient (prepared in 500 mM-Tris-HC1 pH 7.5, 15 mM-NaC1, 1 mM-EDTA, 0-1 ~ SDS) for 14 h at 165000 g at 15 °C in an SW41 rotor. Gradients were fractionated from the bottom and RNA was recovered from each fraction by adding sodium acetate to 0.3 M and precipitating RNA with ethanol at -20°C.
BBYBV RNA (Russo et aL, 1984) was a gift from Dr M. Russo, Dipartimento di Patologia Vegetale, Bari, Italy; tobacco mosaic and cowpea mosaic virus (TMV and CPMV) RNAs were kindly supplied by Drs T. M. A. Wilson and G. P. Lomonossoff (John Innes Institute) respectively.
In vitro translation. Cell-free translations of viral RNAs were performed in rabbit reticulocyte lysates or wheat germ extracts. Nuclease-treated rabbit reticulocyte lysate, a gift from Dr T. M. A. Wilson, was used according to Pelham & Jackson (1976) . Incubation was for 1 h at 30°C. Endogenous Mg 2+ and K + concentrations were estimated by atomic absorption spectroscopy to be 1-7 mM and 25 mM respectively (M. Brisco, personal communication). The wheat germ cell-free extract was prepared and used according to the procedure of Davies et al. (1977) and Davies (1979) . Incubation was for 1 h at 30 °C. The [35S]methionine (> 1000 Ci/mmol, New England Nuclear) was used at approx. 500 ~Ci/ml.
Analysis of translation products. Polypeptides were separated by SDS-PAGE in 0.8 mm-thick gels (10~ acrylamide, 0.13~ bisacrylamide) using the buffer system of Laemmli (1970) . Bands were visualized by fluorography (Jen & Thach, 1982) on Fuji RX film at -70 °C. Molecular masses Were estimated by comparison with the migration of 14C-labelled protein standards (Amersham).
Immunoprecipitation. In vitro translation products were immunoprecipitated by the method of Forster & MorrisKrsinich (1985) , precipitating capsid protein with 11.5 ptg PEBV-specific IgG (a gift from Dr R. Hull, John Innes Institute). Immunoprecipitated polypeptides were dissociated for 2 min at 100 °C in 150 m~-Tris-HCl pH 6.8, 10 % glycerol, 5~ SDS and 10~ 2-mercaptoethanol prior to SDS-PAGE.
Partialproteolysis of translation products. In vitro translation products were electrophoresed as described above. Whole lanes were cut out and dried on to filter paper. The paper was removed and the gel strip was inserted across a second dimension gel, where it was re-swollen, embedded in agarose and overlaid with protease (chymotrypsin) solution. The current was interrupted for 30 min while the samples were in the stacking gel. The bromophenol blue dye was then electrophoresed 15 cm into the second dimension gel. Details of the method were as described by Bordier & Crenol-J~irvinen (1979) . Also, in vitro translation products were located on dried gels (first dimension) using the autoradiograph and the bands were excised with a scalpel. Gel slices were rehydrated in 250 mM-Tris-HC1 pH 6.8 for 30 min. Protease (V8) was mixed with sample buffer and layered over the gel slot. The method was basically as described by Cleveland et al. (1977) . Other details are given in the legend of Fig. 4 .
Separation and identification of viral RNAs in agarose gels. Viral RNA recovered from sucrose density gradient fractions was taken up in distilled water and denatured in 8 mta-sodium phosphate pH 6.5, 12~ glyoxal and 70~ formamide by heating at 55 °C for 15 min. After cooling, samples were separated in submerged agarose gels (1-4~, w/v) containing 25 mM-Tris-acetate pH 7.9 and 5 mM-EDTA.
Separated RNAs were transferred to nitrocellulose membranes (Schleicher & Sehfill). eDNA probes were prepared from a mixture of PEBV RNA-1 and -2 by random priming with short fragments of calf thymus DNA (Taylor et al., 1976) , using [a-3zp]dCTP (approx. 3000 mCi/~tmol; New England Nuclear) and reverse transcriptase (Bethesda Research Laboratories). After prehybridization, the transferred RNAs were probed with eDNA (2 × l0 s c.p.m./ml) and autoradiographed (Thomas, 1980) .
RESULTS

Translation of unfractionated RNA
Under optimum conditions for incorporation of [35S]methionine (2.5 mM-Mg 2+ and 90 mM-K + ; 50 to 200 ~tg RNA/ml), translation of a mixture of the two PEBV viral RNAs in reticulocyte lysates produced two high molecular weight polypeptides of Mr 165K and 134K, together with a third of Mr 23K apparently present in much lower concentration and only produced at the higher RNA concentrations (Fig. 1 a) . At RNA concentrations between 200 and 800 ~tg/ml, several products of sizes intermediate between the two extremes were produced (e.g. Fig. 1 a,  lane 4) , representing premature termination products. When [~4C]leucine was used as radioactive label instead of [3SS]methionine, protein profiles after gel separation were essentially the same (not shown).
Translation in wheat germ extracts produced polypeptides of various sizes, including those of Mr 134K and 23K (Fig. lb) . There was no evidence, however, for the production of a polypeptide corresponding to the 165K polypeptide observed in reticulocyte tysates even, as here, when the gel was heavily loaded. Most subsequent experiments were carried out using reticulocyte lysates.
Translations were performed at final Mg 2÷ concentrations of between 1.7 and 6.2 mM and ratios of the amounts of the 165K product relative to the 134K product were estimated by scanning the fluorograph. Ratios were 0.17, 0.22 and 0.47 at 3.6, 3.9 and 4.4 mM-Mg 2+ respectively, indicating an increase in the proportion of the larger product with increasing Mg 2+ concentration up to 4-4 mM. There was also an increase in the proportion of the 165K relative to the 134K polypeptide when the reticulocyte lysate translation mixture was supplemented with an additional high concentration (1 mg/ml) of calf liver or baker's yeast tRNA (Fig. 1 c) .
TMV, a mixture of the two CPMV RNAs and a mixture of the two PEBV RNAs were translated in parallel, and samples were removed at 15 min intervals. The polypeptides produced after each interval, up to 60 min, are indicated in Fig. 2 . The smaller of the two high molecular weight polypeptides encoded by both TMV and PEBV RNAs appeared first, followed by the larger, a pattern quite different from that produced by CPMV M RNA. In this case, each large polypeptide is initiated independently in one RNA species (Franssen et al., 1984) and both polypeptides appeared simultaneously. The known sizes of CPMV and TMV products and those of a set of labelled markers were used to estimate the sizes of the PEBV products.
The cap analogue 7-methyl guanosine triphosphate (mVGTP) can inhibit translation of mRNAs with a 5'-terminal cap structure. When introduced into reticulocyte lysate translation mixtures containing either a mixture of the two PEBV RNAs or TMV RNA, translation of all products was inhibited approximately equally, to a degree which increased with increasing mTGTP concentration, under conditions of optimum K + concentration. Incorporation of [3SS]methionine was not markedly reduced by the cap analogue in translation mixtures containing CPMV RNAs, which are not capped, but have a linked protein (Vpg) at the 5' terminus (Stanley et al., 1978) .
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Translation of separated RNAs
When R N A from purified PEBV virions was separated in a sucrose density gradient and the fractions were analysed in an agarose gel, only two virus-specific species, RNA-1 and -2, could be detected by probing with 32p-labelled c D N A (Fig. 3a) . Translation of the R N A species present in each fraction of a parallel gradient revealed two peaks of [3sS]methionine incorporation, the largest peak representing incorporation directed principally by RNA-1, and the second peak that directed by RNA-2 (data not shown). The products of translation directed by RNAs in each fraction were analysed by S D S -P A G E (Fig. 3b) . The principal polypeptides produced by RNA-1 were those of Mr 165K and 134K and by RNA-2 that of Mr 23K.
Immunoprecipitation and partial proteolysis
The two virion R N A s of PEBV and BBYBV were translated in the reticulocyte lysate and the products were immunoprecipitated with anti-PEBV gamma globulin. An electrophoretic comparison of the translation products before immunoprecipitation with the immunoprecipitated polypeptides (Fig. 4a) indicates that the 23K polypeptide was selectively precipitated from the products of translation of the PEBV RNAs, and a polypeptide of similar molecular weight (24-3K) was precipitated from the BBYBV RNA products. A 23K polypeptide was also precipitated by anti-PEBV gamma globulin from the products of PEBV RNA translation in the wheat germ system (Fig. 1 b) . Fig. 4 (b) shows a two-dimensional partial proteolysis using chymotrypsin. The two major PEBV products (165K and 134K) had peptides in common, indicatec ~ qv the horizontal bands across the fluorograph. In another experiment, a one dimension 15 ~ gel was used to analyse the products of V8 protease digestion of the 165K and 134K polypeptides. Similar products indicated that these polypeptides are related, but not identical (Fig. 4c) .
DISCUSSION
The principal translation products of a mixture of the two PEBV genomic RNAs prepared from purified virions were polypeptides of apparent M~ 165K, 134K and 23K. Incorporation of label was inhibited by mVGTP, as expected for mRNAs with a 5'-terminal cap structure (Wodnar-Filipowicz et al., 1980) . Translation of RNA-1 or RNA-2 separated by sucrose gradient centrifugation (Fig. 3b) or extracted from low gelling temperature (LGT) agarose after electrophoresis (data not shown) indicated that the 23K polypeptide is a product of the smaller of the two RNAs. Immunoprecipitation with anti-PEBV gamma globulin suggests that this 23K product is PEBV coat protein, or closely related to it. Its apparent molecular weight is not dissimilar from that of other tobraviruses (e.g. Harrison & Robinson, 1978) . A polypeptide of Mr about 24.3K (presumed to be coat protein) was also precipitated from the products of translation of the two genomic R N A s o f B B Y B V by a n t i -P E B V g a m m a globulin, confirming the recently reported serological relationship between these two viruses (Robinson & Harrison, 1985b) . A striking feature of the translation product profiles of the two genomic P E B V R N A s was the inefficient synthesis of the 23K polypeptide. The intensity of this band on fluorographs was m u c h less than that of the 165K and 134K products (e.g. Fig. 1 (Hughes 1985) , suggesting that the low intensity did not simply reflect an unusually low number of methionine residues. Incorporation of label was also low on translation of RNA-2 alone, suggesting the reason was not due to inefficient competition with RNA-1. Inefficiency of RNA-2 translation could be a feature of the structure of the R N A ; its leader length and secondary structure may, for example, restrict the movement of ribosomes. If so, this structure must be very different in vivo, since large amounts of coat protein are required for R N A packaging. It may be that RNA-2 is not the messenger for coat protein, but that this polypeptide is translated from a smaller, subgenomic R N A which contaminates RNA-2 preparations. Examination of purified virus preparations under the electron microscope failed to reveal the presence of virus rods other than the two representing the two encapsidated genomic R N A s (Hughes, 1985) . It is also possible that RNA-2 is very labile in vitro.
The two principal high molecular weight products were shown to be encoded by R N A -I of PEBV by translation of sucrose gradient-fractionated virion R N A (Fig. 3b) . This observation was confirmed by translation of RNA-1 recovered after electrophoresis in L G T agarose (Hughes, 1985) . Two comparable translation products of RNA-1 from other tobraviruses, Mr 170K and 140K, are considered to be initiated at a common site close to the 5' terminus, similar to the 183K and 126K polypeptides of TMV. In each case, the larger is considered to be a readthrough product of the smaller, and the evidence presented here suggests that the PEBV 165K polypeptide is produced in a similar way.
Time course experiments in reticulocyte lysates indicated that the 134K polypeptide is produced before the 165K. Addition of calf liver or baker's yeast tRNA enhanced the production of the 165K product with respect to the 134K, as did addition of Mg 2+, both indicative that a readthrough mechanism may be operating. Conversely, the 134K, but not the 165K, was produced in the wheat germ system. A similar situation is observed on translation of TMV RNA. In reticulocyte lysates, polypeptides of Mr 183K and 126K are produced by initiation at a common AUG; the larger of the two is produced by readthrough of the UAG termination codon of the smaller by a suppressor tRNA present in the lysate (Pelham, 1978) . In the wheat germ system, which lacks the appropriate tRNA, only the 126K polypeptide is produced (Davies, 1979) . Partial proteolysis of the 134K and 165K polypeptides of PEBV showed them to have some amino acid sequences in common (Fig. 4b, c) . To date a translation product analogous to the 30K polypeptide reputedly encoded by RNA-1 of TRV has not been observed.
We conclude that the autonomously replicating RNA-1 of PEBV encodes two large polypeptides, whose production is, in part, regulated by leaky termination, and that RNA-2 encodes the coat protein. The presence of a 30K product, as reported for TRV, remains an open question.
